compounds, alcohols, polyols, and fatty acids. Therefore a great many anabolic and catabolic pathways are amenable to study. Especially with Aspergillus nidulans, the life cycle is easy to manipulate and to allow fine-structure genetic analysis. For this reason, mutants have been used to elucidate the organization of various metabolic pathways and the physiological importance of several individual genes.
In their natural environment, aspergilli encounter a wide variety of polysaccharides, such as storage compounds like starch, and plant cell wall polysaccharides like cellulose, hemicellulose, and pectin. This requires an optimal adaptation, which is reflected by the formation of the necessary polymer degrading enzymes that must be secreted, by the induction of appropriate uptake systems and enzymes of catabolic routes and in proper levels of more general metabolic functions like glycolysis (Fig. 1) . The general concept for the regulation of expression and the secretion of polysaccharidedegrading enzymes is that low constitutive levels of extracellular or cell-wall bound enzymes release the so-called signal molecules from the polysaccharide. Signal molecules are taken up by the cell, where they may be converted or function directly as an inducer for triggering the synthesis of the corresponding enzymes. This concept is largely based on the induction of the cellulolytic complex in Trichoderma sp. (Sternberg and Mandels, 1979) . Signal molecules that have been shown to function in aspergilli are monomeric sugars or products thereof formed intracellularly. D-Xylose induces the xlnA gene encoding an endoxylanase in Aspergillus tubingensis (de Graaff et al., 1994) . The other type of signal molecules is homo-and heterodisaccharides, which can be formed as degradation products or by transglycosylation. A heterodisaccharide, D-glucose-b-1,2-D-xylose, induces both cellulolytic and xylanolytic enzymes in Aspergillus terreus (Hrmova et al., 1991) . A homodisaccharide, D-glucose-b -1,2-D-glucose, selectively induces cellulases in both Trichoderma reesei and A. terreus (Hrmova et al., 1991; Ilmén et al., 1997) . A transglycosylation product, isomaltose, or a-1,6-disaccharide, is a strong inducer of the Aspergillus oryzae amylase genes (Tonomura et al., 1961) . Numerous biochemical studies on the fungal glycosylhydrolases for the degradation of polysaccharides have been done, and many genes encoding those enzymes have been isolated and characterized.
Genetic studies with A. nidulans have shown the pathway-specific regulatory systems that control a set of genes that must be expressed to catabolize particular substrates. This has been described, for example, for genes involved in the utilization of nitrate (Cove, 1979) or the utilization of particular carbon sources, such as acetamide (Hynes and Davis, 1986) , alcohol (Felenbok et al., 1988) , and proline (Arst and MacDonald, 1978) . Two regulatory genes, xlnR and amyR, involved in the transcriptional activation of genes encoding extracellular enzymes, xylanases, and amylases, respectively have been isolated from A. niger and A. oryzae (Gomi et al., 2000; Petersen et al., 1999; van Peij et al., 1998b) . Quite recently we have also isolated and characterized the A. nidulans amyR gene (Tani et al., 2001 ) and the A. oryzae xlnR gene (Marui, J., unpubl.) . Besides the pathway-specific regulation, broader forms of regulation, the so-called global regulation or wide-domain regulation, exist that affect a great many individual genes in different pathways. For example, in the presence of readily metabolizable carbon sources such as D-glucose, the expression of genes involved in the use of less-favored carbon sources is repressed because of carbon catabolite repression. A repressor protein, CreA, plays a major role in carbon repression. CreA inhibits the transcription of many target genes by binding to specific sequences in their promoters. Systems regulated by carbon catabolite repression through CreA have been characterized in detail at the genetical, biochemical, and molecular levels (Felenbok and Kelly, 1996) . However, we avoid reviewing the properties of CreA protein and its roles in regulation of the gene expression in fungi.
With regard to the wide domain regulatory factors, a transcriptional enhancer, CCAAT-binding complex (Hap complex), has been extensively reviewed, since we have been elucidating the structural features of Hap complex and its roles in the enhancement of transcription of the Aspergillus oryzae Taka-amylase A gene. The CCAAT sequence is one of the most ubiquitous elements, being present in 30% of eukaryotic promoters, and its functional importance has been manifested in several diverse systems of higer and lower eukaryotes (Bucher, 1990) . In filamentous fungi, Hap complex has been shown to increase the expression levels of many genes, such as acetamidase-, amylase-, cellulase-and xylanase-encoding genes and penicillin biosynthesis genes (Fig. 1) .
The expression of most genes is finely controlled at the level of transcription. Usually, both the pathwayspecific regulation such as induction and repression and the wide-domain regulatory controls are operating at the transcriptional level. Regulatory elements could be upstream activating, repressing, or enhancing sequences that determine the regulatory properties of the promoter farther downstream. The upstream elements function at variable distances and orientations. Genes, subject to a common regulation mechanism, usually contain similar upstream sequences. Because these control systems operate in a very similar way in related fungi, this stimulates studies on the gene expression in fungi of industrial interest (Fig. 1) .
Starch and (hemi-)cellulose-degrading enzymes are of great interest not only for their important roles in the ecological recycling of biomass, but also for their industrial applications. Here we focus on the regulation of the expression of the amylolytic, cellulolytic, and xylanolytic genes in aspergilli.
Amylolytic Genes

Starch structure and amylolytic enzymes
Starch is a major storage polysaccharide in green plants and is composed of a-1,4-glucan chains with a-1,6 branches. Filamentous fungi produce various starch-degrading enzymes, including a-amylases, glucoamylases, and a-glucosidases. These enzymes hydrolyze starch synergistically to produce glucose. aAmylases endolytically hydrolyze a-1,4 linkages of amylose (a-1,4-glucan) chains, and glucoamylases and a-glucosidases exolytically hydrolyze a-1,4 linkages from nonreducing ends, releasing glucose of banomeric and a-anomeric forms, respectively. Glucoamylases also hydrolyze a-1,6 linkages at the branch connections.
A wide variety of filamentous fungi produce amylolytic enzymes; among them, members of the genus Aspergillus such as A. oryzae and A. niger are known as strong producers. This is the reason why regulation of the amylolytic genes has been mainly studied on the genes cloned from A. oryzae (Gines et al., 1989; Hata et al., 1991; Minetoki et al., 1995a; Tada et al., 1989; Tsukagoshi et al., 1989; Wirsel et al., 1989 ).
Inducers of the amylolytic genes
In general, the expression of fungal amylolytic genes is induced by starch and maltose. Furthermore, alinked glucosides such as kojibiose, isomaltose, and panose, and artificially modified maltosides such as aphenyl maltoside and a-isoamyl maltoside also function as effective inducers for a-amylase synthesis in A. oryzae (Tonomura et al., 1961) . Among them, isomaltose and panose have a strong inducing activity, twice as much as that of maltose. As in A. oryzae, a-amylase is induced by various a-glucosides, including kojibiose, nigerose, maltose, isomaltose and panose, in A. nidulans carrying the Taka-amylase A gene (taaG2) (Kato, N., unpubl.) . The strongest inducer in A. nidulans is also found to be isomaltose, which triggers aamylase synthesis at an extremely low concentration of 3 mM. These findings observed in A. oryzae and A. AmyR activates transcription of the amylolytic genes in response to the inducible signal through isomaltose. XlnR activates transcription of both the xylanolytic and certain cellulolytic genes, where D-xylose is required for an initiation of expression of those genes. At the moment, no transcription factor(s) specific for the cellulolytic genes have been identified in aspergilli. We propose here a putative transcription factor, CelR, which mediates induction of the cellulolytic genes by cellobiose. Besides these pathway-specific regulators, a transcriptional enhancer, Hap complex, modulates the expression levels of the amylolytic, xylanolytic, and cellulolytic genes in aspergilli. Furthermore, Hap complex could enhance a transcription of the xlnR gene. A wide-domain negative regulator, CreA, represses the transcriptional activator genes and a set of genes involved in the catabolism of particular substrates, although CreA is not indicated in the figure only because of simplicity.
nidulans suggest that maltooligosaccharides generated from starch may be further converted by certain enzyme(s) to isomaltose or its derivative, which acts as the true inducer (Fig. 1) . Castanospermine, a strong inhibitor of a-and b-glucosidases, inhibits a-amylase induction by nigerose and maltose. On the other hand, the induction level by isomaltose is enhanced in the presence of the inhibitor, possibly because of the inhibition of isomaltose hydrolysis (Kato, N., unpubl.) . This indicates that a castanospermine-sensitive a-glucosidase(s) with transglycosylation activity may be required for the induction of a-amylase by maltose and nigerose. Recently we have demonstrated that A. nidulans has a cellular, castanospermine-sensitive aglucosidase, designated as isomaltose-producing enzyme (IPE), with strong a-1,6-transglycosylation activity (Kato, N., unpubl.) . The enzyme activity similar to IPE has been also detected in the A. oryzae cell extracts (Tonomura et al., 1961) , and A. niger has an extracellular a-glucosidase with transglycosylation activity, which catalyzes mainly the formation of a-1,6 linkage (Kita et al., 1991) . When all these data are considered, isomaltose is the most probable candidate for the true inducer of the amylase synthesis in aspergilli.
Regulation of the amylase gene expression
Regulatory mechanisms underlying the expression of amylolytic genes have been best studied on the A. oryzae taaG2 gene. The regulation of taaG2 is characterized by a high expression level, carbon repression, and induction by various a-glucosides described above. Three transcription factors, Hap complex, CreA, and AmyR, are involved in this characteristic expression (Kato et al., 1996 (Kato et al., , 1997 (Kato et al., , 1998 Nagata et al., 1993; Tanaka et al., 2000; Tani et al., 2000 Tani et al., , 2001 .
Hap complex binds to a CCAAT sequence at around Ϫ300 in the taaG2 promoter and increases the overall strength of the promoter (Kato et al., 1997 (Kato et al., , 1998 Nagata et al., 1993) . It is responsible for the high-level expression. CreA is a negative regulatory factor mediating carbon catabolite repression (Felenbok and Kelly, 1996) . Two CreA binding sites at around Ϫ150 and Ϫ90 are suggested to be involved in glucose repression based on the binding affinities of the recombinant CreA protein produced in Escherichia coli (Kato et al., 1996) . AmyR is a transcriptional activator with a Zn(II)2 Cys6 binuclear cluster DNA-binding motif. The AmyR-binding sequence, which is designated as SRE in taaG2, is at around Ϫ200 in the promoter and is required for the inducible expression (Gomi et al., 2000; Petersen et al., 1999; Tani et al., 2000 Tani et al., , 2001 . Because maltose, one of the inducers of the taaG2 expression, could also repress taaG2 through CreA, depending on its concentrations, all three transcription factors coordinately function and determine the final expression level of taaG2.
Isolation of the amyR gene
In A. oryzae RIB40, three amylase genes encoding Taka-amylase A (amyB), which corresponds to taaG2, a-glucosidase (agdA), and glucoamylase (glaA), is induced by maltose (Minetoki et al., 1995b) . These genes share in their promoter regions a highly conserved sequence, designated Region IIIa, that is involved in both the agdA induction in A. oryzae (Minetoki et al., 1996) and the amyB induction in A. nidulans (Kanemori et al., 1999) . The introduction of multiple copies of Region IIIa into the agdA promoter leads to the overproduction of a-glucosidase, and the production of TAA and glucoamylase is reduced drastically in the transformant. This indicates that a common positive transcription factor regulates the agdA, glaA, and amyB expression (Minetoki et al., 1998) .
The A. oryzae amyR gene responsible for the induction of the amylase genes has been independently cloned by two groups using different cloning strategies. Petersen et al. first constructed an A. oryzae strain carrying a heterologous lipase gene controlled under the a-amylase promoter. Regulatory mutants were isolated from the transformant as amylase and lipase negative strains after NTG treatment, and they were found not to grow on cyclodextrin as a sole carbon source. The amyR gene was cloned by complementation of the growth defect of the mutant on cyclodextrin (Petersen et al., 1999) . The cloning strategy used by Gomi et al. may be noteworthy, since their method could be applied for the cloning of many genes encoding transcription factors. They introduced multiple copies of Region IIIa into A. nidulans carrying the lacZ gene fused to the amyB promoter. This resulted in loss of the lacZ expression because of the titration of a possible transcriptional activator responsible for the amyB expression. The amyR gene was then cloned by shotgun cloning by screening the transformants that express the lacZ gene (Gomi et al., 2000) .
DNA binding properties of AmyR
The A. oryzae transcriptional activator, AmyR, com-prises 604 amino acids with a Zn(II)2 Cys6 binuclear cluster DNA-binding motif at the N-terminus. The AmyR protein binds to two types of sequences; one is characterized by two CGG triplets separated by eight nucleotides, and the other has only one CGG triplet followed by the sequence AAATTTAA (Petersen et al., 1999) (Fig. 2A) . A. nidulans also has a nuclear factor SREB that binds sequence-specifically to two sites, Ϫ204 to Ϫ189 (SRE) and Ϫ182 to Ϫ168 (ISRE), in the taaG2 promoter. The upstream sequence SRE, which is involved in the inducible expression of the taaG2 gene, corresponds to the latter AmyR binding site, implying that SREB may be a counterpart of AmyR in A. nidulans (Tani et al., 2000) . We have recently cloned and sequenced both the A. nidulans amyR gene and its cDNA (Tani et al., 2001 ). The amyR disruptant does not express the taaG2 gene and exhibits abnormal morphology on maltose and starch plates with diffused and transparent colonies without conidiation. This indicates that the amyR gene is involved in the induction of a-amylases and a-glucosidases (Fig. 1) . The A. nidulans AmyR comprises 662 amino acids with a Zn(II)2 Cys6 binuclear cluster DNA-binding motif at the N-terminus and has 72% overall amino acid identity in comparison with A. oryzae. The A. nidulans AmyR expressed in E. coli binds to two types of sequences as described for the A. oryzae AmyR: the single CGG triplet in the taaG2 promoter and the CGG repeat in the A. nidulans a-glucosidase (agdA) promoter (Tani, S., unpubl.) . The mutational analysis of the binding region in the taaG2 promoter has revealed that the single CGG triplet followed by AAATT is sufficient for the AmyR binding. AmyR could also bind to the mutated agdA promoter in which one CGG triplet is deleted. The binding affinity is very low however, compared with that of the original CGG repeat and CGGAAATT of taaG2. These imply that the CGGAAATT sequence in the taaG2 promoter is optimized for the AmyR binding so that AmyR can bind to the single CGG triplet with sufficient affinity. Furthermore, the mutated agdA promoter forms a shift band of higer relative mobility than the wild-type promoter on gel retardation assay, suggesting that AmyR binds as a monomer to the single CGG site.
Structure and function of AmyR
AmyR has five domains (Zn and MH1-MH4) homologous to Mal63p, a transcriptional activator for the genes involved in maltose utilization in Saccharomyces cerevisiae (Hu et al., 1999) . A C-terminal truncation derivative, AmyRZn2, lacking residues 412-662 (MH3 and MH4 domains) functions as a constitutive activator in A. nidulans. This indicates that MH3 or MH4 domain, or both, may function negatively in transcriptional activation (Katsuyama, Y., unpubl.). AmyRZn1 carrying the DNA binding domain (Zn) and MH1 domain cannot complement the growth defect of the amyR disruptant on maltose and starch, indicating that MH2 is indispensable for transcriptional activation of the amylase genes.
The growth defect of a maltose utilization negative mutant, malA1 strain, on maltose is complemented by amyR (Tani et al., 2001 ). This indicates that genetically identified malA and cloned amyR are the same gene. Recently we have proved that the amyR gene of the malA1 mutant has a missense mutation in the MH3 domain, where His478 residue is replaced by Leu. The His residue is conserved among Aspergillus AmyRs and Mal63p, suggesting the importance of His478 in responding to the inducing signal.
Cellulolytic Genes
Cellulose structure and the cellulolytic genes
Cellulose is a linear, essentially insoluble homopolymer of b-1,4-linked glucose. It is arranged in fibers that have a fully extended flat conformation and are tightly packed into microfibrils by hydrogen bonds to form an insoluble fibrous material. Cellulose is the most abundant biomass on earth and is used as an energy source by numerous and diverse cellulolytic microorganisms, including fungi and bacteria. Filamentous fungi produce a complex spectrum of cellulases, consisting of endo-b-1,4-glucanases (EGs), cellobiohydrolases (CBHs), and b-glucosidases (BGLs). These cellulolytic enzymes function synergistically in the degradation of cellulose; EGs cleave internal glucosidic bonds, CBHs cleave cellobiosyl units from the nonreducing ends of cellulose chains, and BGLs cleave cellooligosaccharides to produce glucose. In the past decades, several cellulolytic genes have been cloned and sequenced from filamentous fungi, especially from the genera Trichoderma and Aspergillus (Chen et al., 1987; Chikamatsu et al., 1999; Dalbøge and HeldtHansen, 1994; Davis et al., 1993; Kitamoto et al., 1996; Ooi et al., 1990; Penttilä et al., 1986; Sakamoto et al., 1995; Saloheimo et al., 1988 Saloheimo et al., , 1994 Sheppard et al., 1994; Shoemaker et al., 1983; Sims et al., 1988; Terri et al., 1983; van Peij et al., 1998a) .
Regulation of cellulolytic systems
The production of fungal cellulases is regulated by the availability of carbon sources. In general, they are not produced in the presence of easily metabolizable carbon sources such as glucose mainly because of carbon catabolite repression mediated by CreA in aspergilli or by its homologues in other filamentous fungi. In the absence of these carbon sources, cellulose induces the cellulase production. However, insoluble high molecular cellulose cannot be taken up directly by fungi and therefore needs to be degraded to soluble mono-or oligosaccharides, or both, before the cellulase induction (Kubicek et al., 1993) . The best-studied fungal cellulolytic system is that of Trichoderma reesei. In this organism, a low level of constitutively formed cellulases (especially CBH II) is thought to be responsible for the initial attack on cellulose, which leads to a formation of the inducer activity of cellulase synthesis (El-Gogary et al., 1989; Kubicek et al., 1988; Messner et al., 1988) .
In T. reesei, the cbh1 and cbh2 genes encoding CBHs and the egl1, egl2, and egl5 genes encoding EGs are coordinately induced by cellulose, sophorose, cellobiose, and lactose (Mach et al., 1995) . Among them, sophorose has the strongest inducing activity and is thought to be the most probable candidate for the true inducer (Ilmén et al., 1997) . Different candidates for the true inducer, however, have been proposed for other filamentous fungi. For example, gentiobiose, possibly formed by transglycosylation from cellobiose, is presumed to be a candidate for the true inducer in Penicillium purpurogenum, since only gentiobiose has the inducing activity in the presence of bglucosidase inhibitor (Kurasawa et al., 1992) . In A. nidulans, neither sophorose nor gentiobiose induces the endoglucanase A gene (eglA), and only cellobiose shows the inducing activity among various mono-and disaccharides tested (Chikamatsu et al., 1999) . It should be noted that all these candidates are b-linked diglucosides that can be formed from cellulose, suggesting the presence of regulatory machinery specific for the cellulose induction. This regulatory machinery may include an unidentified specific transcription factor, which we designate as CelR in A. nidulans (Fig. 1) . As a single exception for the cellulose induction, the endoglucanase genes eglA and eglB and two CBH-encoding genes, cbhA and cbhB, are induced by D-xy- lose under the control of XlnR in A. niger, as described in detail below (Gielkens et al., 1999b; van Peij et al., 1998a) . Cellulolytic and hemicellulolytic systems appear to be coordinately regulated by XlnR at least in A. niger. It must be further clarified, however, whether cellulolytic systems in the other fungi, including T. reesei, are also under the control of XlnR homologues.
Various trials to identify cis-elements and transcriptional activators for the cellulase synthesis have been conducted with the cbh1 and cbh2 genes of T. reesei. Recently, a putative transcriptional activator, AceI, has been isolated with the yeast one-hybrid cloning system by using the T. reesei cbh1 promoter . AceI comprises 733 amino acids, has a Cys2-His2 zinc finger motif, and binds to AGGCAAA. The growth of the aceI gene disruptant on cellulose-containing plates is not totally prevented, however, indicating that cellulases are expressed significantly even in the absence of aceI. Factors binding to the cbh2 promoter have been detected by gel retardation assays (Zeilinger et al., 1998) . The target sequence designated as CAE (cbh2-activating element), is ATTGGG-TAATA, which appears to comprise two elements; one is the CCAAT box in the opposite strand and the other is a newly proposed GTAATA box. A GTAATA-binding protein and its cooperation with T. reesei Hap complex is suggested to be essential for the inducible expression of the cbh2 gene in T. reesei.
It is still poorly understood how the initial stage of the cellulase induction is triggered by the extracellular and insoluble cellulose and what kind of transcription factors are involved in the induction. Furthermore, overlaps or cross talks between the induction pathways for cellulolytic and xylanolytic systems make the regulatory mechanisms more complex.
Xylanolytic Genes
Xylan structure and the xylanolytic genes
Xylan, the major hemicellulose component in plant cell wall, is the most abundant polysaccharide after cellulose. It is a heterogeneous polymer with a backbone consisting of b-1,4-linked D-xylose residues and can be substituted at the C-2 and C-3 positions with various other residues such as acetic acid, a-arabinofuranose, (4-O-methyl) glucuronic acid, ferulic acid, and p-coumaric acid (Carpita, 1996; Wilkie, 1979) . Because of this heterogeneity of xylan, a complex spectrum of enzyme activities is required for the complete degradation of this polysaccharide. The chief component of the complex is formed by endo-b-1,4-xylanases, the so-called xylanases that hydrolyze the xylan backbone at nonmodified residues (Biely, 1985) .
In the past few years, significant progress has been made in cloning several xylanolytic genes from filamentous fungi such as Aspergillus awamori (Hessing et al., 1994) , Aspergillus kawachii (Ito et al., 1992a, b) , A. nidulans (Jose et al., 1996; MacCabe et al., 1996; Perez-Gonzalez et al., 1996 , A. oryzae Kitamoto et al., 1998) , A. niger (Kinoshita et al., 1995) , A. tubingensis (de Graaff et al., 1994) , Chaetomium gracile (Yoshino et al., 1995) , Cochliobolus carbonum (Apel et al., 1993) , Humicola isolens (Dalbøge and Heldt-Hansen, 1994) , Penicillium chrysogenum (Haas et al., 1993) , T. reesei (Torronen et al., 1992) , and Trichoderma viride (Ujiie et al., 1991) . Besides these xylanolytic genes, many genes encoding accessory enzymes such as acetylxylan esterase (A. tubingensis axeA-de Graaff et al., 1992; T. reesei axe1-Margolles-Clark et al., 1996c) , a-L-arabinofuranosidase (A. niger abfB -Flipphi et al., 1993; A. nidulans abfB-Gielkens et al., 1999c; T. reesei abf1-Margolles-Clark et al., 1996b) , arabinoxylan arabinofuranosidase (A. niger axhA- Gielkens et al., 1999a; A. 
Inducers of the xylanolytic genes
The natural inducers of the xylanolytic genes may be degradation or transglycosylation products generated from xylan. D-Xylose, xylobiose, xylotriose, and xylotetraose are inducers of xylanase activity in various aspergilli. In A. niger, D-xylose has been shown to induce the expression of the xylanolytic system. Upon growth on D-xylose, the transcription of genes encoding main-chain degrading enzymes and accessory enzymes involved in xylan degradation, is activated (Gielkens et al., 1999a, b, c; de Graaff et al., 1992; van Peij et al., 1997) . Examples of accessory enzymes are the xlnD gene (b-xylosidase; van Peij et al., 1997) , axeA (acetylxylan esterase; de Graaff et al., 1992) , axhA (arabinoxylan-arabinofuranohydrolase; Gielkens et al., 1999a, c) , aguA (a-glucuronidase; de Vries et 2001 Gene regulation in aspergilli 7 al., 1998), and faeA (feruloyl esterase; Faulds et al., 1997; de Vries et al., 1997) . During the growth on xylan of an A. niger mutant with the b-xylosidase-encoding gene disrupted, the oligosaccharides, xylobiose, and xylotriose, accumulate along with high transcription levels of the xylanolytic genes, suggesting that these oligosaccharides are inducing carbon sources (van Peij et al., 1997) . However, whether D-xylose-containing oligosaccharides themselves or their degradation products function as inducers remains to be solved.
Besides these primary hydrolysis products of xylan, positional isomers of b-xylobiose such as 1,4-b-xylobiose, 1,3-b-xylobiose, and 1,2-b-xylobiose induce xylanase activity. Heterodisaccharides composed of Dxylose and D-glucose can also induce xylanases in A. terreus (Hrmova et al., 1991) . Therefore a diverse group of D-xylose-containing saccharides can induce xylanase with D-xylose being the most efficient one. Positional isomers are formed by b-xylosidases, which have a strong transglycosylation activity (Kizawa et al., 1991; Shinoyama et al., 1988; Tavobilov et al., 1984) . b-Xylosidase is not essential in initiating induction of the xylanolytic system, however, since no major differences in their transcription levels were found between the wild-type strain and a strain with the b-xylosidaseencoding gene disrupted (van Peij et al., 1997) . This excludes transglycosylation products formed by b-xylosidase from being important for induction. D-Xylose is very likely the true inducer of the xylanolytic genes (Fig. 1). 
Regulation of the xylanolytic genes
The transcription of the xylanolytic genes is under the control of specific induction and carbon catabolite repression. The A. niger xlnR gene encoding the transcriptional activator XlnR has been isolated as described below and shown to encode an essential factor for the transcription of the xylanolytic genes (van Peij et al., 1998b) . In the presence of readily metabolizable carbon sources such as D-glucose, however, these genes are repressed because of carbon catabolite repression mediated by CreA. The CreA protein interacts with both the transcriptional activator gene and the structural genes, an interaction that is analogous to the double-lock mechanism described for the ethanol regulon in A. nidulans (Kulmburg et al., 1993; Mathieu and Felenbok, 1994) .
Induction is triggered by D-xylose as described above, and repression levels depend on the concentration of the favored carbon source. Although D-xylose is a strong inducer for the xylanolytic systems, it represses some of the xylanolytic genes at concentrations higer than 1 mM (de Vries et al., 1999b ). The transcription level of the structural gene is influenced by the balance between the induction and repression pathways.
Isolation of the xlnR gene
Upon the addition or formation of an inducer, the transcription of the xylanase genes is activated within minutes (Gouka et al., 1996) . Although very little of the process of induction is known at the molecular level, promoter elements involved in the transcriptional activation of the xylanolytic enzyme-encoding genes has been identified. de Graaff and his group is the first to identify a regulatory fragment involved in the xylanase induction by deletion across the promoter region of the A. tubingensis xlnA gene-encoding endoxylanase (de Graaff et al., 1994) . They used this regulatory fragment to isolate xylanolytic regulatory mutants from A. niger. The pyrA gene-encoding orotidine-5Ј-phosphate decarboxylase was placed under the control of the xlnA regulatory element and introduced to A. niger. Selection was performed in a bidirectional way, uridine prototrophy for a PYR ϩ phenotype or 5-fluoro-orotic acid resistance for a PYR Ϫ phenotype under conditions with a normally reversed phenotype. Complementation by transformation of one of the mutants, which shows the uridine auxotrophy on D-xylose, led to the isolation of the xlnR gene (van Peij et al., 1998b) .
DNA-binding properties of XlnR
The A. niger transcriptional activator, XlnR, comprises 875 amino acids with a zinc binuclear cluster domain at the N-terminus and bears high similarity to the zinc clusters of the GAL4 superfamily. The DNAbinding domain is formed by two substructures of Cys-X2-Cys-X6-Cys joined by a loop. The total of six cysteines coordinate two zinc atoms. The XlnR binding sequence 5Ј-GGCTAA-3Ј has been deduced after electrophoretic mobility shift assays (EMSAs), DNase I footprinting, and a comparison of various xylanolytic promoters. Mutational analysis demonstrated the second G to be essential for functionality of the element (van Peij et al., 1998b) . Quite recently we have also isolated and sequenced complementary and genomic DNAs encoding the A. niger xlnR homologous gene, AoxlnR, from A. oryzae (Marui, J., unpubl.). AoXlnR comprises 971 amino acids with a zinc binuclear cluster domain at the N-terminal region and reveals 77% homology to the A. niger XlnR. A recombinant AoXlnR protein encompassing the zinc cluster region binds to the consensus-binding sequence and its cognate sequence 5Ј-GGCTGA-3Ј with an approximately 10 times low affinity. We propose that 5Ј-GGCTA/GA-3Ј is more appropriate as the XlnR binding sequence (Fig.  2B) .
Binding sites for zinc binuclear cluster proteins are generally conserved in structure but diverse in sequence (Todd and Andrianopoulos, 1997) . Most zinc binuclear cluster proteins bind as a dimer to a repeat: inverted repeats or direct repeats or both. The AlcR activator of A. nidulans is unique among zinc binuclear cluster proteins. AlcR binds as a monomer to symmetric and asymmetric DNA sites with the same apparent affinity (Panozzo et al., 1997) . The XlnR binding sequence is neither a direct nor an inverted repeat, suggesting that XlnR functions as a monomer (van Peij et al., 1998b) although the exact mode of the XlnR binding remains to be determined.
The position of the two xlnR loss-of-function mutations was determined for XlnR (van Peij et al., 1998b) . Both mutations are found in the C-terminal region. One of these is 12 amino acids from the C-terminus, which has been suggested to be important for the function of XlnR as a transcriptional activator. This is similar to the C-terminal activation domain of the S. cerevisiae GAL4 (Marmostein et al., 1992) . However, the activation mechanism for XlnR through the inducer D-xylose will be elucidated by further XlnR functional dissection.
Spectrum of genes controlled by XlnR
The use of an xlnR loss-of-function mutant made it possible to elucidate the spectrum of genes that are controlled at the transcriptional level by XlnR in A. niger (Table 1) . Northern blot analysis revealed that XlnR activates the transcription not only of the genes encoding the main xylanolytic enzymes such as xlnB, xlnC, and xlnD encoding endoxylanase B and C and b-xylosidase, respectively, but also of the genes encoding accessory enzymes involved in the xylan degradation such as aguA, axeA, exhA, and faeA encoding a-glucosidase A, acetylxylan esterase A, arabinoxylan arabinofuranohydrolase A, and feruloyl esterase A, respectively (van Peij et al., 1998a) . Besides these xylanolytic enzymes, XlnR activates the transcription of the eglA and eglB encoding endoglucanase A and B (van Peij et al., 1998a) . Furthermore, two cellobiohydrolase-encoding genes, cbhA and cbhB, and the a-galactosidade B-and the b-galactosidase A-encoding genes, aglB and lacA, are also controlled by XlnR (Gielkens et al., 1999b; de Vries et al., 1999a) . All these data indicate that regulation by XlnR is not restricted to the genes encoding xylanolytic enzymes, but includes the transcriptional activation of the other hemicellulase-and cellulase-encoding genes. The coordinate control of the genes is always paralleled by the presence of the XlnR binding sites in the promoters. This emphasizes the key role of XlnR in the induction of hemicellulose-and cellulose-degrading enzymes (Fig. 1) .
A mutant strain with the AoxlnR gene disrupted was isolated from A. oryzae. The AoxlnR disruptant grows poorly on xylan and expresses neither xylanases nor b-xylosidase even under inducible conditions (Marui, J., unpubl.), indicating that both genes are regulated by the same regulatory factor AoXlnR. This is further confirmed by introducing 64 copies of the promoter region of the xylanase-encoding gene xynF1 in the same direction . In the transformants, the expression levels of xylanase and b-xylosidase genes are drastically reduced because of the titration of a common regulatory factor AoXlnR. The same titration of the common regulatory factor XlnR has been demonstrated for the expression of xylanolytic and cellulolytic genes in A. niger (van Peij et al., 1998a) . The xylanolytic genes in A. oryzae may be controlled in the same manner as described for A. niger.
A differential cDNA library was constructed in A. niger by subtracting cDNA fragments of an xlnR lossof-function mutant from wild-type cDNA fragments to further investigate the spectrum of genes controlled by XlnR (Hasper et al., 2000) . Screening this library resulted in the cloning of the gene-encoding D-xylose reductase, xyrA. D-Xylose reductase catalyzes the NADPH-dependent reduction of D-xylose to xylitol, which is the first step in D-xylose catabolism in fungi. The role of XlnR is not restricted to control of the expression of the extracellular hydrolyzing enzymes. By controlling the expression of the intracellular D-xylose reductase, XlnR also plays a role in adjusting carbon metabolism to D-xylose catabolism. This allows the fungus to adapt its sugar metabolism to the extracellular xylan degradation.
Coordination of the xylanolytic and cellu-
lolytic gene expression Cellulose and hemicellulose are closely linked in nature, and it has been suggested that xylanolytic degradation products are important for the cellulase induction in Trichoderma species (Royer and Nakas, 1990) . The activation of transcription of the endoglucanaseand CBH-encoding genes by XlnR emphasizes an important link in the induction process of the xylanolytic system with other hemicellulolytic and cellulolytic systems. Xylan present in biomaterials could be more susceptible to enzymatic degradation compared with other polysaccharides, and degradation products of xylan will be initially formed. This leads to induction of the XlnR-controlled system, which results in the expression of hemicellulolytic and cellulolytic enzymes. Subsequently, these enzymes produce various degradation products, besides D-xylose, which function as inducers for other enzyme systems such as cellulases, arabinases, and galactosidases.
Besides the xylanolytic genes, four cellulolytic genes are expressed upon growth on D-xylose, suggesting a common regulation mechanism underlying the expression of these genes in A. niger (Gielkens et al., 1999b; van Peij et al., 1998a) . The best-studied fungal cellulolytic system is that of T. reesei. Eight genes encoding different enzymes have been cloned from T. reesei as described above. The transglycosylation product of cellobiose, sophorose, is thought to be the true inducer of cellulases in T. reesei (Ilmén et al., 1997) . However, only limited data are available regarding a transcriptional activator that regulates the transcription of the cellulolytic genes (Fig. 1 ).
An 11 bp element in the promoter of the T. reesei cbh2 gene designated as CAE is responsible for the induction of the cbh2 gene on sophorose and cellulose in vivo (Zeillinger et al., 1998) . CAE consists of a 5Ј-CCAAT-3Ј and a 5Ј-GTAATA-3Ј binding motif that could interact with a specific transcriptional activator. The CCAAT motif is recognized by the T. reesei Hap complex comprising three subunits, Hap2, Hap3, and Hap5, as described below (Leonhartsberger et al., 2000) . The GTAATA motif, which bears some resemblance to the XlnR binding site, might also interact with a T. reesei homologue of XlnR. However, based on the data obtained by competition experiments using oligonucleotides derived from the A. niger xlnD promoter, the protein binding to this motif was found to be different from the XlnR homologue of T. reesei (Zeillinger et al., 1998) . Furthermore, two putative transcriptional activators designated as AceI and AceII have been isolated by the yeast one-hybrid cloning system . AceII contains a zinc binuclear cluster domain and is reported to bind to the sequence 5Ј-GGCTAATAA-3Ј resembling the XlnR binding site. However, the primary structure of AceII differs 10 TSUKAGOSHI, KOBAYASHI, and KATO Vol. 47 significantly from XlnR . This implies the mechanistic difference in the systems of regulation of the transcription of genes encoding cellulolytic enzymes in A. niger and T. reesei. At this moment, it is not clear if AceII activates the transcription of genes encoding other cellulolytic or noncellulolytic enzymes.
A Wide-Domain Regulatory Factor, Hap Complex
Besides induction, the expression of most genes is regulated by wide-domain regulatory systems, which mediate response to environmental factors having wide-ranging metabolic consequences. The examples are CreA, which mediates carbon catabolite repression, PacC, which controls the gene expression positively and negatively in response to the ambient pH, and Hap complex, which enhances the overall strength of the promoter activity. We will focus on the CCAATbinding factor, Hap complex, as an example of wide domain regulatory factors.
In a statistical analysis of more than 500 promoters, Bucher (1990) found that the CCAAT box is among the most ubiquitous elements, being present in 30% of eukaryotic promoters with a strong bias in the promoter region. The CCAAT sequence is in the forward or reverse orientation between Ϫ60 and Ϫ100 of the major transcription start sites. In S. cerevisiae, the CCAAT sequences are found in the promoters of genes involved in respiratory oxidation (McNabb et al., 1995) and nitrogen metabolisms (Dang et al., 1996) . In filamentous fungi, the CCAAT sequence is also shown to modulate the expression of many genes, such as the A. nidulans acetamidase gene (amdS) (Littlejohn and Hynes, 1992) , the A. oryzae Taka-amylase A gene (taa) (Nagata et al., 1993) , the A. nidulans penicillin biosynthesis gene (ipnA and aatA) , and the Neurospora crassa NADP-specific glutamate dehydrogenase gene (am) (Frederick and Kinsey, 1990) (Table 2) . In higher eukaryotes, all kinds of promoters have the CCAAT sequence: developmentally controlled and tissue-specific genes (Berry et al., 1992; Ronchi et al., 1996) , housekeeping and inducible genes (Marziali et al., 1997; Roy and Lee, 1995) , and cell-cycle regulated genes (Mantovani, 1998) .
Many DNA-binding proteins named for their CCAAT sequence binding have been isolated and characterized: CTF/NF1 (CCAAT Transcription Factor/Nuclear Factor 1); C/EBP (CCAAT/Enhancer Binding Protein); and CDP (CCAAT Displacement Protein). They recognize palindromic sequences different from the widespread consensus derived by Bucher (1990) . We focus on the other family of an activator protein, which requires the core sequence CCAAT for its binding. Many factors of this family have been characterized in a variety of organisms and different names are given: Hap complex (in S. cerevisiae, S. pombe, Kluyveromyces lactis, and Arabidopsis thaliana), CBF (in rat), and NF-Y (in human, mouse, and Xenopus). Based on the analysis of the NF-Y binding site by siteselection experiments, both the central pentanucleotide CCAAT and the proximal sequences are required for the NF-Y binding. The consensus derived from the promoter compilation and from the site-selection analysis is essentially identical -C G/A G/A C C A-A T C/G A/G C A/C-and matches perfectly the one deduced from the statistical studies described above (Bi et al., 1997; Mantovani, 1998) .
Heteromultimeric Hap complexes 4.1.1. Hap complex and NF-Y (CBF)
Among proteins in this family, the first complex identified is the Hap complex of S. cerevisiae, comprising four subunits, Hap2p, Hap3p, Hap4p, and Hap5p (McNabb et al., 1995; Olesen and Guarente, 1990; Pinkham and Guarente, 1985) . Hap complex modulates mainly a gene expression in response to growth on nonfermentable carbon sources. Three subunits, Hap2p, Hap3p, and Hap5p, are required for DNA binding, and Hap4p is reported to be involved in transcriptional activation (Forsburg and Guarente, 1989; Olesen and Guarente, 1990) .
NF-Y is also composed of three subunits, NF-YA (CBF-B, corresponding to Hap2p), NF-YB (CBF-A, corresponding to Hap3p), and NF-YC (CBF-C, corresponding to Hap5p). All subunits are required for DNA binding (McNabb et al., 1995; Sinha et al., 1995) . Human, mouse and rat subunits show more than 95% amino acid sequence identity (Li et al., 1992) . Hap4p homologue has not yet been identified in higer eukaryotes, indicating that three subunits could be sufficient for DNA binding and transcriptional activation.
Hap complexes in aspergilli
CCAAT-binding proteins have been detected in A. nidulans: AnCF for amdS (van Heeswijck and Hynes, 1991) , AnCP for taa (Kato et al., 1997; Nagata et al., 1993) , and PENR1 for the penicillin biosynthesis genes .
The hapC gene, with significant similarity to the hap3 gene of S. cerevisiae, has been isolated from A. nidulans (Papagiannopoulos et al., 1996) . Deletion of the hapC gene resulted in the loss of binding of AnCP, AnCF, and PENR1 to the CCAAT sequence of each corresponding gene, indicating that all these factors contain HapC as a component (Kato et al., 1998; Litzka et al., 1998; Papagiannopoulos et al., 1996) . This was confirmed by using anti-HapC antibody (Kato et al., 1998; Litzka et al., 1998) . Furthermore, a DNAprotein complex has been successfully reconstituted by using recombinant HapC together with recombinant Hap2p and Hap5p from S. cerevisiae (Kato et al., 1998) . All these data clearly indicate that AnCP/ AnCF/PENR1 is an A. nidulans counterpart of the S. cerevisiae Hap complex. The hapB and hapE genes, corresponding to the hap2 and hap5 genes of S. cerevisiae, have also been cloned from A. nidulans, and a DNA-binding complex has been reconstituted with recombinant MalE-HapC, MalE-HapE, and His6-tagged truncated HapB containing the 183 amino acids C-terminal moiety, which includes the DNA binding and subunit interaction domains predicted by Steidl et al. (1999) .
Recently, we have identified a CCAAT-binding complex homologous to the A. nidulans Hap complex in A. oryzae (Tanaka et al., 2000) . The CCAAT-binding protein designated as AoCP (Aspergillus oryzae CCAATbinding protein) enhances the expression level of the Taka-amylase A gene. Furthermore, genes encoding subunits AoHapB, AoHapC, and AoHapE corresponding to the A. nidulans hapB, hapC, and hapE, respectively, have been isolated and sequenced. AoHapB, AoHapC, and AoHapE comprise 368, 215 and 265 amino acids and show 77, 84, and 90% identity to each A. nidulans corresponding subunit. Three recombinant A. oryzae Hap subunits prepared from E. coli are used to reconstitute a DNA-binding complex. AoHapB, AoHapC, and AoHapE are sufficient for the formation of a CCAAT-binding complex (Fig. 2C) . By introducing AohapB, AohapC, and AohapE into A. nidulans hapBD, hapCD, and hapED strains, respectively, the A. oryzae genes are found to be functionally interchangeable with the corresponding A. nidulans genes (Tanaka et al., 2001) .
Each Hap subunit contains an evolutionary conserved domain. Conserved domains in HapB, HapC, and HapE comprise 53, 84, and 74 amino acids, spectively. An analysis of protein sequence alignments indicates the presence of a histone-like motif in the domains of HapC and HapE (Baxevanis et al., 1995) . Based on further comparison with core histones, HapC and HapE are suggested to belong to the H2B and H2A family, respectively.
A domain of 26 amino acids conserved among HapE and its homologues is almost identical to the socalled Hap4p recruiting domain of the Hap5p (McNabb et al., 1997) , suggesting that filamentous fungi could have Hap4p homologues. However, no Hap4p homologues have yet been found in fungi except for K. lactis (Bourgarel et al., 1999) .
A comparison of the deduced amino acid sequence of the S. cerevisiae Hap4p with that of K. lactis revealed two short homologous sequences of 11 and 16 amino acids, but overall similarity is low. Attempts have been unsuccessful to amplify a hap4 homologue from A. nidulans and A. oryzae chromosomal DNAs based on the conserved amino acid sequences under various conditions.
Hap complexes in other filamentous fungi
A CCAAT-binding complex involved in the regulation of the glutamate dehydrogenase gene (am) has been purified from N. crassa. Based on the partial amino acid sequences, aab1, a homologue of the hap5 gene has been cloned and characterized (Chen et al., 1998) . When the aab1 gene was disrupted, the expression level of the am gene was reduced to about 50% of the wild-type level (Chen et al., 1998) , indicating that AAB1 is a component of the CCAAT-binding complex.
Antibody supershift experiments with anti-A. nidulans HapC antiserum and cross-competition experiments with CCAAT-containing oligonucleotides derived from the A. nidulans amdS promoter have demonstrated that a Hap-like complex binds to a CCAAT sequence in the promoter of the CBH gene (cbh2) in T. reesei (Zeilinger et al., 1998) . The T. reesei hap2, hap3, and hap5 homologues have been cloned, and their functionality is demonstrated by complementing A. nidulans corresponding hap mutants (Leonhartsberger et al., 2000) . We have also detected a CCAATbinding activity in the cell extracts prepared from T. viride by our newly developed method . (Nagata et al., 1993) . This has been also confirmed by DNase I footprinting analysis and EMSAs, using the taa promoter DNA as a probe. By means of EMSAs with synthetic oligonucleotide probes corresponding to the proximal regions containing the CCAAT sequence of the taa gene, the minimum sequence comprising 14 base-paired regions, including the CCAAT pentanucleotides, is shown to be required for the formation of a stable complex with AnCP (Kato et al., 1997) . In other words, the pentanucleotide CCAAT sequence alone is not sufficient for the binding of AnCP to the taa promoter (Fig.  2C) .
Hap complex and regulation of the amylolytic and cellulolytic genes
The in vivo regulatory function of AnCP has been demonstrated by replacing the CCAAT sequence with CGTAA. This mutation abolishes the binding of AnCP to the sequence in vitro and reduces the taa expression level to approximately 20% of that observed with the wild-type construct (Fig. 1) . Although the amylase activity of the strain transformed with the mutated taa gene is low, the amylase activity is significantly induced by starch and repressed by glucose, indicating that the AnCP function is not essential for the starch induction of the taa gene expression. This is different from the function of Hap complex described for the cbh2 gene induction in T. reesei, since the cbh2-activating element, CAE, containing the CCAAT sequence is essential for the inducible expression of the gene (Zeilinger et al., 1998) .
To clarify further the possibility that CCAAT-binding factors different from the Hap complex might be involved in the enhancement of the taa expression, the authentic taa gene and the mutant taa gene where the CCAAT sequence is replaced with CGTAA are expressed in a hapC disruptant. Both types of transformants produce only slight amylase activity at almost the same level, indicating that no factors can substitute for the Hap complex in transcriptional enhancement of the taa gene (Kato, M., unpubl.) .
The CCAAT sequence is also found in the promoter regions of another amylolytic genes, such as agdAs encoding a-glucosidases of A. nidulans, A. oryzae, and A. niger. The distance between the CCAAT sequence and SRE, a starch-responsive element or one of AmyR binding sequences (CGGAAATT), is 14 bp and well conserved among three agdA genes, suggesting that the Hap complex could also modulate an expression of the agdA genes.
With regard to the cellulolytic genes, the eglA gene encoding the A. nidulans endo-b-1,4-glucanase A is hapC-dependently expressed (Tanaka et al., 2000) . This has been further confirmed both at the transcriptional level by Northern analysis and at the enzyme level by activity staining. The A. nidulans eglA gene contains two CCAAT sequences in the promoter region (Chikamatsu et al., 1999) . It remains to be determined in vivo, however, whether one or both of the sequences are functional in the enhancement of the eglA gene expression.
Hap complex and regulation of the other
genes An A. nidulans Hap complex designated as AnCF is shown to regulate the acetamidase gene (amdS), which is required for the use of acetamide as a nitrogen and carbon source (Littlejohn and Hynes, 1992; van Heeswijck and Hynes, 1991) . AnCF is also involved in regulation of the g-amino-butyrate transferase gene (gatA) (Papagiannopoulos et al., 1996; van Heeswijck and Hynes, 1991) . When an amdS-lacZ fusion gene was expressed in the hapCD strain, its expression level was significantly reduced. Furthermore, a deletion of the CCAAT sequence led to a great decrease in the amdS-lacZ expression (Littlejohn and Hynes, 1992) . The hapB or hapE deletion strain also expressed the amdS-lacZ gene at almost the same level as the hapCD strain. All these data confirm the regulatory role of AnCF in the amdS expression.
A. nidulans and P. chrysogenum are well known to produce penicillin. The penicillin biosynthesis enzymes comprise d-(L-a-aminoadipyl)-L-cysteinyl-D-valine synthetase, isopenicillin N synthase, and acyl coenzyme A:isopenicillin N acyltransferase (IAT), encoded by the genes acvA (pcbAB), ipnA (pcbC), and aat (penDE), respectively. The genes, acvA and ipnA, are bidirectionally oriented and separated by an intergenic region of 872 bp (Brakhage, 1998) . A CCAAT-binding factor, PENR1 (penicillin regulator 1), binds to a CCAAT-containing DNA motif (box I) in the intergenic region. A deletion of the CCAAT sequence led to an eightfold increase in the acvA expression and simultaneously to a reduction of the ipnA expression to about 30% (Then . Besides the box I, another CCAATcontaining DNA motif (box II) was identified by EMSAs. A substitution of the CCAAT core sequence by GATCC led to a fourfold reduction in an expression of the aatA-lacZ fusion gene, indicating that box II is functional and positively influences the aatA expression (Litzka et al., , 1998 . Penicillin biosynthesis is under the control of the CCAAT-binding complex.
Besides the taa, amdS, gatA, aatA, ipnA, am, and cbh2 genes described so far, the gdhA (glutamate dehydrogenase) and fmdS (formamidase) genes in A. nidulans and the xyn1 (xylanase) and xyn2 (xylanase) genes in T. reesei have been shown to be controlled by Hap complexes (Table 2) .
Prospect for future studies on Hap com-
plexes Although increasing data establish that the transcription of many fungal genes is enhanced by Hap complex, some unresolved questions remain. First, how does Hap complex enhance the promoter activity? Upon binding to DNA, AnCF affects the chromatin structure in vivo (Narendja et al., 1999) . At the moment, the conformational alteration of the chromatin structure induced by AnCF may be the most plausible mechanism by which Hap complex enhances transcription. Therefore it is urgent to characterize the relationship between Hap complex and histone remodeling activities such as histone acetyltransferase and histone deacetylase. Second, is the Hap4p homologue included in the complex to activate a transcription of genes? Three A. oryzae Hap subunits are sufficient for the sequence-specific binding (Tanaka et al., 2001) , and this is also the situation with the A. nidulans CCAAT-binding complex . Since the HapE subunit, Hap5p homologue of aspergilli, contains the so-called Hap4p recruiting domain, the Hap complex may have a Hap4-like subunit. Third, how are the subunits synthesized and assembled to form the complex? The stoichiometry of the subunits in the complex also remains to be determined. To address these problems, we are trying to establish suitable methods for the isolation of intact Hap complex under the conditions that will be as mild as possible. Chen et al., 1998 
